We show that surface swelling is the first step in the interaction of a single femtosecond laser pulse with PMMA. This is followed by perforation of the swollen structure and material ejection. The size of the swelling and the perforated hole increases with pulse energy. After certain energy the swelling disappears and the interaction is dominated by the ablated hole. This behaviour is independent of laser polarization. The threshold energy at which the hole size coincides with size of swelling is 1.5 times that of the threshold for surface swelling. 2D molecular dynamics simulations show surface swelling at low pulse energies along with void formation below the surface within the interaction region. Simulations show that at higher energies, the voids coalesce and grow, and the interaction is dominated by material ejection. 
Introduction
Laser ablation is often associated with removal of material and is widely used for surface patterning and thin film fabrication. The former is used to dramatically alter wetting [1] , mechanical, electrical and optical properties of materials [2] . Laser ablation has been studied in diverse materials using a range of wavelengths (ultraviolet to infrared), pulse durations (nanoseconds to femtoseconds) and repetition rates (kHz to MHz) for micro-fabrication to produce surface features with suitable texture and less contamination compared to other methods. More recently, femtosecond lasers have evolved as an advanced machining tool for material processing with nanometer precision [3, 4] enabled by localized energy deposition due to highly nonlinear multiphoton interaction of light with matter. As a result, they provide high intensities needed to ablate material from surface quickly and cleanly, without damaging the surrounding regions.
To-date, they have been employed to induce refractive index modification in 3D [5] , voids [6] , phase transitions and periodic nanostructures on the surface and in the bulk [7, 8] . Several studies, both experimental and theoretical, have focused on the underlying physics of femtosecond laser-matter interaction to optimize and develop various applications of laser ablation. Measurement of ablation depth/etch rates, surface swelling, melting and thermal damage combined with investigation of ablation dynamics using pump-probe techniques provided some mechanistic insights into the process. The highly non-equilibrium character of the laser-induced processes are often described by a two-temperature model that couples electron temperature with the lattice temperature [9, 10] . Subsequent expansion of evaporated material plume and the formation of plasma within the plume are studied using hydrodynamic models [11, 12] and Monte Carlo simulations [13, 14] .
In spite of these advances, the mechanisms responsible for material removal by ultrashort laser pulses still remain controversial [15] . In addition, the question of whether ablation starts with direct material removal or with surface swelling followed by material ejection has never been clearly addressed in bulk materials. Surface swelling has mostly been observed in thin metal [16, 17] and polymer films and has been attributed to spallation -strong mechanical effects that play a role during laser excitation resulting in physical separation of a thin layer from the substrate. Polyimide foils under nanosecond UV-laser induced surface irradiation [18] have shown three different regimes with increasing fluence such as, (a) real material removal (ablation), (b) swelling of the irradiated area above the level of the untreated surface (hump formation) and (c) lowering of the irradiated area below the level of the untreated surface (dent formation). Polycarbonate and PMMA (both doped and undoped) foils have also been investigated under femtosecond laser irradiation and surface swelling always accompanied ablation [19, 20] . Recently, surface swelling has been reported as the first step in ablation of bulk metals [21] and has also been observed in ablation of fused silica glass [22] .
Microscopic models based on molecular dynamics (MD) approach [23] were employed to investigate fast dynamic material response to short pulse laser irradiation in metal films [24, 25] , semiconductors [26, 27] and dielectrics [28] . The MD approach is also an important method in polymer studies [29] . In MD simulation, the atoms interact with each other via a predefined potential, and their motion is tracked at every time step. MD simulations in metals suggested spallation is initiated by void nucleation and growth, both in size and numbers, followed by void coarsening and coalescence [25] . Long after the interaction of the incident laser pulse, a thick layer of material re-solidifies in a foamy state with holes and voids, leaving a bump, which extends above the original surface level [21] . However, a complete and coherent picture of how ablation is established in bulk materials especially in polymers is yet to emerge.
In this paper, we report ablation of bulk PMMA with a single femtosecond laser pulse and show that swelling of the material surface always precedes any large scale material ejection. We show that ablation evolves from surface swelling as higher pulse energies puncture a hole at the centre of the swollen structure that gradually increases in size. Concurrently, the height of the swollen structure decreases while the depth of the ablated hole increases. We demonstrate that the pulse energy at which the ablated hole size coincides with size of swelling is ∼ 1.5 times that of the threshold for surface swelling and is independent of laser polarization suggesting existence of two energy thresholds corresponding to surface swelling and material removal being dominant. MD simulation of interaction of femtosecond pulses with PMMA in 2D using a computational cell consisting of 40 million particles with dimensions of ∼2μm×2μm demonstrate void formation and material swelling are important mechanisms of temperature equilibration at the surface of the laser-heated sample.
Experiment
800nm light from a Ti:Sapphire laser system operating at a repetition rate of 5 kHz and producing 45 fs pulses with a peak energy of 0.5 mJ, was focused on the surface of optically polished PMMA samples (12.5×12.5×1.7 mm) by a 0.25NA (10×) microscope objective. The back aperture of the microscope objective (8 mm) was slightly overfilled to minimize alignment errors. The position of the laser focus relative to the sample surface was accurately determined by imaging the back reflected light with a CCD camera at very low pulse energies below the ablation threshold. After locating the surface of PMMA, the glass plate at 45 • , used for directing the back reflected light, was removed in order to avoid distortion of the incident polarization. A thin broadband beam sampler at the output of the laser directed a small fraction of the beam into a single-shot autocorrelator to monitor the pulse duration continuously. The pulse duration at the back aperture of the objective was measured to be 70fs after propagating through all the optics. The pulses were not pre-chirped.
Single femtosecond pulses were selected by operating the laser in an external trigger mode. A gradient neutral density filter was used to vary the pulse energy from 200nJ to 5μJ. The pulse energy was varied in steps of 50nJ up to 1μJ and in steps of 100nJ thereafter. A calibrated fast photodiode operating in the linear regime monitored the incident power. The incident pulse energies were measured after the microscope objective taking into account the transmission and reflection losses of all the optics. The polarization of the incident light was varied by a half-waveplate (quarter-waveplate) to obtain linearly (circularly) polarized light.The PMMA sample was mounted on three-axis translation stages with a resolution of 50nm along the lateral dimensions (X, Y) and 100 nm along the axial direction (Z).
The laser-ablated regions were characterized by a scanning electron microscope (SEM) after gold coating the PMMA surface with a thin layer (few nanometers) to make them conductive. All SEM images were taken with the electron beam perpendicular to the sample (zero tilt). The spot size was obtained from the slope of semi-logarithmic plot of the squared diameter of the modified region measured with the SEM as a function of pulse energy. We obtained a Gaussian beam radius of 2.7±0.2μm for the 0.25NA microscope objective (close to the diffractionlimited beam radius of ∼2μm) and used it to calculate the laser fluence values. The lowest energy at which ablation features were visible under SEM was defined as the threshold value.The single shot ablation threshold of PMMA was determined to be 0.6μJ corresponding to a laser fluence of 2.6 J/cm 2 , in good agreement with the published data [19] .
Laser induced surface topology was investigated by an Atomic Force Microscope operating in contact mode with a pyramidal cantilever having a half-cone angle of 35 • , tip height of 3.5μm and a spring constant of 69±1pN/nm tracing the sample with <10nN in radius of curvature. Images were captured with a relative tip speed of 1μm/sec. The typical lateral and vertical resolutions were 30nm and 0.1nm respectively. 
Results
Figure 1(a) shows SEM image of PMMA surface irradiated by a single, circularly polarized femtosecond pulse of energy 640nJ. This pulse energy is slightly above the damage threshold in PMMA below which no observable surface effects could be discerned in SEM. A smooth, near circular dome like structure is formed that extends to ∼1.8μm with a tiny nanopore at the bottom of the dome to the right. The dome height is ∼600nm as shown in Fig. 1(c) , measured by an AFM. When pulse energy is slightly increased the dome like structure collapses after a hole is formed at the centre as shown in Fig. 1(b) . Although the laser polarization is linear in this case similar results are obtained with circular polarization as shown below. AFM measurements (shown in Fig. 1(d) ) indicate a height of 75nm with a hole size of ∼110nm. These results suggest that surface swelling is the first step in the ablation of materials with femtosecond lasers and that ablation proceeds with perforation of the dome like swollen surface structure. Figure 1 (b) also suggests the region underneath the swollen structure is hollow resulting in the collapse of the dome when punctured at higher pulse energy. Presence of radial ejection patterns at the edges of the dome like structure in both images along with nanodroplets in the adjacent regions indicate that surface swelling arises from molten state of the material that is re-solidified possibly due to rapid cooling during expansion. Figure 2 shows the evolution of the laser damaged surface of PMMA from surface swelling to ablation crater with increasing pulse energy for a single laser pulse of circular polarization. At pulse energies higher than 640 nJ, a pore formed at the centre of the dome like swollen structure renders it a doughnut shape ( Fig. 2(a) ). As pulse energy increases, the extent of the laser modified region and the overall pore size increases but the width of the doughnut rim decreases (Fig. 2(b) and 2(c) ). When pulse energy is one half of the damage threshold the rim like structure surrounding the ablated hole vanishes as the hole size coincides with the size of swelling. Figure 2 (e) shows the corresponding AFM cross-sections. Material removal commences at a pulse energy of ∼650 nJ ( Fig. 1(b) ) and at 725 nJ, the depth of the ablated hole is ∼225 nm with an annular protrusion of ∼225nm and a width of ∼ 640 nm. With rising pulse energy, the ablated hole diameter and depth increases while the height of the annular protrusion decreases. The dependence of ablated hole and swelling width on incident pulse energies is shown in Fig. 3(a) for linear and circular polarizations. For both polarizations, the ablated hole and swelling size increases almost linearly with applied pulse energy up to 1.1 μJ. However, the hole size increases at a much faster rate of ∼6.5nm/nJ compared to ∼3nm/nJ rate at which the swelling increases. Beyond 1.1μJ, both ablated hole and swelling size grow at a slower rate of ∼0.8nm/nJ. Figure 3(b) shows the comparison between AFM cross-sections for circularly and linearly polarized light at similar pulse energies (725 nJ and 690 nJ respectively) suggesting no polarization dependence of surface swelling and subsequent material ejection at higher pulse energies.
Numerical simulations
The femtosecond laser ablation process can be characterized by at least three distinct stages separated by their time-scales. (1) Laser-matter interaction stage where plasma is formed and heated due to the collisional absorption processes on a time-scale on the order of several tens of femtosecond, determined primarily by the laser pulse duration. (2) Collisional transfer of energy from the laser-produced electron gas to the molecular structure with a characteristic time on the order of several hundred femtoseconds [30] . This is somewhat longer than the characteristic electron recombination time scale (∼one hundred femtoseconds [31]), which thus appears to be the dominant mechanism of energy transfer from the laser-produced plasma to the molecular structure. (3) Temperature equilibration process with a characteristic time-scale of picosecond to nanoseconds determined by the speed of sound in PMMA (∼ 2.7 × 10 3 m/s = 2.7 μm/ns) that can lead to surface swelling, material ablation and formation of mechanical defects.
Below we present phenomenological simulations aimed at understanding the general mechanics of thermal processes leading to formation of the dome-like structures and ablation craters in bulk samples. We consider only the third stage of the interaction, assuming that the first two stages have produced a certain temperature profile in the sample that is taken as initial condition in the simulations. We also assume that the particle density profile is minimally perturbed during the first two fast processes. As a result, the initial particle density distribution is considered to be uniform within the sample.
Methods
We use molecular dynamics (MD) approach to model interaction of femtosecond laser pulses with PMMA as it is naturally capable of describing the non-equilibrium phase transition processes at atomic level. In contrast, hydrodynamic models that are typically used to describe thermal processes in bulk samples have been shown to encounter serious challenges when extended to ultrafast laser ablation [32] due to fundamental difficulties in describing highly non-equilibrium phase transition processes along with the necessity to resolve microscopic processes.
Several MD models, differing in accuracy and computational requirements, have been developed for microscopic description of polymers and their properties under a wide range of conditions [29] . In principle, MD models can also support polymer chain-break processes with a little overhead. However, a more-or-less realistic description of polymer chains necessarily requires an actual 3D representation. MD simulations in bulk in 3D is a computationally daunting task even for largest supercomputers employing the coarse-gain MD model. To reduce computational requirements, cell dimensions on the order of few 10's to 100's of nm (much smaller than the laser spot size) are typically used in 3D with approximately few hundred thousand particles. As a result plane wave approximation is used for the incident light ignoring the gaussian spatial profile of the laser.
In this paper, we use a 2D phenomenological model with computational cell dimensions on the order of the laser spot size that enables us to consider the spatial profile of the laser. The interaction between individual atomic entities is described by the Lennard-Jones potential
where σ is the characteristic length and ε 0 the characteristic depth of the potential. In this way, we only expect to learn about the qualitative dynamics of ablation process, while the particular details such as elastic properties of polymers due to their chain structure at microscopic level and formation of volatile compounds due to chain breaking will be inevitably lost. Coarse grain techniques are often used where few atoms, monomers or even the whole molecular chain are grouped together to reduce computational requirements. The impact of reduced chemical detail on structural and dynamical properties of PMMA has recently been investigated where different approximations used in the MD simulations have been shown to provide adequate agreement with experimental data [29] . With the use of atomic picture in our simulations we anticipate the loss of details not to be detrimental in extracting qualitatively the thermo-mechanical properties of polymers. In our simulations, we use the freely available LAMMPS code (http://lammps.sandia.gov [34]). We use ∼ 4 × 10 7 particles on a 2D hexagonal lattice occupying ∼ 6000 × 6000 σ 2 area (∼ 2×2 μm for σ = 0.3 nm). A single simulation run consists of two stages. Initially, the atomic entities are motionless and located at the nodes of the lattice in the equilibrium state. During the first stage of simulations, the sample is annealed in the Nose-Hoover thermostat with a slowly increasing temperature, until the room temperature T r is reached (T r ∼ 0.75 T m , where T m is the melting temperature, equal to ∼ 0.41T 0 for the hexagonal 2D lattice [35] ). Thus, an initial unperturbed equilibrium state is created.
At the beginning of the second stage of simulation, particle velocities are scaled up by a factor proportional to the square root of temperature profile T ( r, 0) corresponding to the nonequilibrium configuration created by the laser pulse (Fig. 4 at t = 0) . The particles are then propagated self-consistently by the LAMMPS NVE solver, while a thin layer near y = y min and y = y max is kept at constant temperature to mimic a bulk thermal reservoir. In a typical simulation, the second stage takes ∼ 10 7 time steps to reach a stable equilibrium (completely frozen state) for a single time step δt = t 0 /400.
The temperature profile T ( r, 0) is determined by the spatial distribution of the energy transferred from the laser beam to the molecular structure:
where δ E i is the laser pulse energy transferred to the electrons in the ionization process and δ E ca is the pulse energy absorbed by electrons in the collisional absorption process. T r is the room temperature.
Assuming that multi-photon ionization is the dominant ionization process in the nearthreshold interaction and perturbation of the laser propagation by the resultant plasma is negli-gible, one can write
where I( r) is the spatial profile of the unperturbed laser pulse, r f is the position of the laser best focus and N the order of multi-photon absorption process, N = 3 in the case of PMMA. In Eq. (3), a simple rate equation for multi-photon ionization rate is used. In order to estimate the extent of the laser profile perturbation by the plasma that is formed during the interaction one can calculate the energy density required to generate plasma of critical electron density (n cr = 1.75 × 10 21 cm −3 for the laser wavelength λ = 0.8 μm in vacuum):
where W ion is the ionization potential. The heat capacity of PMMA at room temperature is ∼ 1 J/(cm 3 K) ≈ 6 × 10 18 eV/(cm 3 K). Thus, the energy required to produce plasma of critical density can be sufficient to locally heat the sample by more than 1000 K. Our simulations below indicate that significant thermal processes can take place in the sample heated by (1 -1.5) T r above the unperturbed temperature, i.e., by ∼300-400 K. Since a part of this energy is produced in the collisional plasma heating process, we conclude that the plasma density in the near-threshold regime is well below critical density that justifies our assumption of negligible perturbation of the laser propagation by the generated plasma.
The collisional absorption of laser energy by plasma is a nonlinear process that is dependent on the distribution function of electrons at each time moment. Thus, E ca is dependent not only on the produced plasma density n, but also directly on the laser intensity. However, since the inverse Bremmstrahlung absorption is only one of the energy transfer mechanisms from the laser pulse and nonlinearity in n(I) is very strong, the extra dependence on the laser intensity due to the details of the collisional absorption process is expected to result only in perturbation of the overall laser energy deposition profile in the sample. In this way, to keep our parameter space small, we assume, similar to Eq. (3),
The overall temperature profile in the sample assumed at the beginning of the thermal stage is thus
where α is a parameter of simulations. The particle velocities used at the second stage of simulation are therefore scaled up by factor 1 + α · I( r)/I( r f ) N .
Simulations results
Dynamics of a typical bump formation process is illustrated in Fig. 4 for α = 1.45. The laser is incident on the sample surface at x/σ = 0. The temperature distribution follows the energy deposition and spatial profile of the laser and is highest at y/σ = 0 and penetrates deeper into the sample. In a few tens of t 0 , corresponding to few picoseconds after the start of simulation (represented by t w obtained for a particular choice of parameters) , the initial non-equilibrium process gives rise to a strong pressure shock that propagates with a supersonic velocity outwards from the hot area and eventually decays, after several subsequent reflections from the boundaries of the simulation sample. The shockwave traverses the simulation domain in about 150 ps. The next state of equilibration, that can correspond to few tens of picoseconds, is characterized by formation of gaseous nanopores inside the overheated area and its rapid cooling (Fig. 4 , t = 3.2 × 10 2 t 0 ). The temperature profile in Fig. 4 at t = 3.2 × 10 2 t 0 shows formation of nanopores in a region that is initially the hottest with corresponding temperatures that are cooler than the surrounding material. Thus, the nanopores formation is an important mechanism of temperature equilibration. Near the boundary of the sample, pressure gradient leads to expansion of the porous material outwards that leads to formation of a bump at the sample surface (Fig. 4 , t = 1.2 × 10 3 t 0 ). This process is accompanied by the growth of the nanopores, that eventually coalesce to form larger pores (Fig. 4 , t = 4.0 × 10 3 t 0 ). The surface bump at this stage develops large mechanical defects that, depending on the deposited energy, either increases further at later time and result in an open crater or freeze and form the swollen structure with a perforated hole that is seen in the experimental images described in the previous section. The height of the bump/swelling increases at a rate of ∼13 nm for every 100 ps up to few ns in time. Beyond 10 ns simulations do not show any changes in the surface topography although thermal processes continue for longer times. Figure 5 shows the density profiles of the interaction region after 2.5 × 10 4 t 0 (corresponding to ten to few tens of ns after the interaction that is long enough for re-solidification to occur) for different values of the simulation parameter α. For α = 1.1, only nanopores and irregularities appear to be present under the sample surface that appear as brighter regions in the figure. A small crack visible near the surface can be attributed to the dimensionality of the computation cell (relatively small size of our sample that is comparable to the laser spot size) and the stiffness of the sample surface. The shock produced by the initial temperature gradient could not be completely overcome by the Lennard-Jones walls of the simulation domain. At higher α when the material becomes softer the crack does not appear.
For α = 1.3 some of the irregularities in the density coalesce to form sub-surface voids that leads to the formation of a small bump at the sample surface. Mechanical stretching of the thermally softened sample surface leads to formation of micropores on the swollen surface. As α is increased to α = 1.4, the sub-surface voids and the surface bump grow in size. A deeper and larger hole is formed on the surface bump that can be interpreted as a central pore observed in the experiment. As the α is increased to α = 1.5, the internal pressure in the sample becomes sufficiently large to detach large chunks of material from the sample creating an ablation crater with a porous structure at its bottom that has previously been observed in experiments on PMMA [36].
Discussion
Surface swelling induced by ultrashort laser pulses that we observed in bulk PMMA is not the same as that has previously been observed in metal films [16, 17] . There the mechanism is attributed to spallation -a photomechanical process where a reflected pressure wave leads to material ejection typically at the back surface of the sample. MD simulations of small material slabs provided insights into the thermo-mechanical dynamics of irradiated films including coupling-decoupling of ablation and spallation processes [24] . However, the bulk nature of our sample excludes the influence of a substantial reflected pressure wave.
Our simulations demonstrate formation of nanopores in the subsurface region of highly excited material due to the interaction of intense short pulses with the sample. Pressure gradients near the sample boundary causes the porous material to expand outwards forming a bump at the sample surface. This is accompanied by growth and coalescence of voids in the subsurface region. The evolution of voids determined by the competition between the laser-induced stresses and thermal softening of the irradiated surface can lead to spallation, fragmentation and ejection of material. This is similar to front-surface laser spallation predicted by hydrodynamic [37] and MD modelling [25, 38, 39] .
Simulations also suggest surface swelling to increase with α (pulse energies) up to a certain value beyond which mechanical stretching of the sample surface leads to formation of a central pore (Fig. 5(c) ) as observed in experiments. Further increase in α (not shown) leads to an increase in the hole size. At high α, material removal becomes dominant and surface swelling can no longer be observed. The α at which hole and swelling sizes coincide is 1.3 times the threshold α at which only swelling is observed. Experimentally, this ratio was found to be 1.5. Time-resolved measurements of femtosecond laser induced surface swelling in metal foils have observed a similar threshold fluence that separates the regime where a dome like structure (unbroken shell) is formed from the regime with the dome (shell) having an aperture [40] .
Our simulations in bulk material, albeit in 2D, indicate that a two phase expanding liquidvapour mixture fills the volume between the shell and bottom of the crater consistent with other simulations [25, 40] and experiments [21] carried out in metal foils. However, the collapse of dome like structure in Fig. 1(b) at slightly higher fluence suggests the inside is hollow. This could be specific to PMMA and other polymers. In addition to the laser-induced subsurface liquid-vapour mixture that expands, another potential source of gaseous products can be polymer fractionation by CO-O bond breaking [19] . Irrespective of the relative contributions, localized bursting of the expanding surface results in collapse of the dome structure.
Conclusion
We demonstrate that surface swelling is the first step in interaction of intense femtosecond pulses with bulk dielectrics. This is followed by material ejection and ablation only when laser fluence/pulse energy is increased. The threshold fluence at which ablation becomes dominant with no reminiscents of surface swelling is approximately one and half times the threshold for surface swelling and is independent of laser polarization. These results have implications in ultrafast micro-machining applications when combined with previous observations of polarization dependent elongation of ablated holes at fluences greater than twice the ablation threshold [36] . There appears to be a small range of laser fluences where clean holes and cuts are feasible. At low fluences, surface swelling dominates and at high fluences ablation dominates but polarization effects can become prominent. Detailed time-resolved experiments extending to longer times will shed more light on swelling dynamics. Our molecular dynamics simulations provide physical insight into swelling dynamics showing that (a) bump formation is not connected to laser induced shock but to the formation of porous structure below the sample surface, and (b) no significant evaporation occurs from the surface at threshold fluences. Large scale simulations that take into account the molecular structure of PMMA and involves sample sizes comparable to the laser spot size are essential to gain further insight into the nonlinear interaction of light with matter.
